Here, we report the design and use of G protein-coupled receptor-based biosensors to monitor ligand-mediated conformational changes in receptors in intact cells. These biosensors use bioluminescence resonance energy transfer with Renilla luciferase (RlucII) as an energy donor, placed at the distal end of the receptor C-tail, and the small fluorescent molecule FlAsH as an energy acceptor, its binding site inserted at different positions throughout the intracellular loops and C-terminal tail of the angiotensin II type I receptor. We verified that the modifications did not compromise receptor localization or function before proceeding further. Our biosensors were able to capture effects of both canonical and biased ligands, even to the extent of discriminating between different biased ligands. Using a combination of G protein inhibitors and HEK 293 cell lines that were CRISPR/Cas9-engineered to delete G␣ q , G␣ 11 , G␣ 12 , and G␣ 13 or ␤-arrestins, we showed that G␣ q and G␣ 11 are required for functional responses in conformational sensors in ICL3 but not ICL2. Loss of ␤-arrestin did not alter biased ligand effects on ICL2P2. We also demonstrate that such biosensors are portable between different cell types and yield context-dependent readouts of G protein-coupled receptor conformation. Our study provides mechanistic insights into signaling events that depend on either G proteins or ␤-arrestin.
Here, we report the design and use of G protein-coupled receptor-based biosensors to monitor ligand-mediated conformational changes in receptors in intact cells. These biosensors use bioluminescence resonance energy transfer with Renilla luciferase (RlucII) as an energy donor, placed at the distal end of the receptor C-tail, and the small fluorescent molecule FlAsH as an energy acceptor, its binding site inserted at different positions throughout the intracellular loops and C-terminal tail of the angiotensin II type I receptor. We verified that the modifications did not compromise receptor localization or function before proceeding further. Our biosensors were able to capture effects of both canonical and biased ligands, even to the extent of discriminating between different biased ligands. Using a combination of G protein inhibitors and HEK 293 cell lines that were CRISPR/Cas9-engineered to delete G␣ q , G␣ 11 , G␣ 12 , and G␣ 13 or ␤-arrestins, we showed that G␣ q and G␣ 11 are required for functional responses in conformational sensors in ICL3 but not ICL2. Loss of ␤-arrestin did not alter biased ligand effects on ICL2P2. We also demonstrate that such biosensors are portable between different cell types and yield context-dependent readouts of G protein-coupled receptor conformation. Our study provides mechanistic insights into signaling events that depend on either G proteins or ␤-arrestin.
G protein-coupled receptors (GPCRs) 3 constitute the largest class of membrane receptors. Encoded by Ͼ800 genes in the human genome, they represent targets of a variety of clinically used drugs. A single GPCR occupied by its cognate orthosteric or by allosteric ligands can trigger a complex array of signal transduction pathways, which can in some cases be selectively modulated through development and use of biased ligands (1) . Such molecules can modulate a subset of the total signalosome, probably by inducing distinct conformational changes in GPCR structure, which translates into differential effector engagement. The development of such biased molecules, aside from creating powerful tools to study GPCR signaling, might also lead to clinically relevant compounds with better efficacy and side effect profiles.
To understand how pervasive functional selectivity is and how it might be exploited for therapeutic purposes, an increasing number of studies have focused on obtaining signaling signatures by measuring larger and larger numbers of signaling pathways potentially modulated by panels of receptor ligands (2) (3) (4) (5) (6) (7) (8) (9) . Such approaches are very useful because they can be used to identify novel pathways downstream of GPCRs and to capture the protean nature of receptor agonism (i.e. that in some cases antagonists act like agonists and vice versa) and can often link both therapeutic and adverse consequences to particular signaling pathways. However, when the relevant signaling pathways in a given cell type are incompletely understood, such profiles may be incomplete. Also, it is possible that the signalosome downstream of particular receptors may be different in distinct cells types, raising the issue of portability of signaling sensor platforms (10) .
Structurally, GPCRs are characterized by an extracellular N-terminal tail, followed by seven transmembrane ␣-helices connected by three intracellular (ICL1-3) and three extracellular loops (ECL1-3), ending with an intracellular C-terminal tail (C-tail). GPCRs fold themselves into a barrel-like structure, with the seven transmembrane helices forming a cavity that serves in many cases as a ligand-binding domain. There are many optical approaches being used to understand GPCR signaling, interactions, and conformational dynamics (reviewed in Refs. 11 and 12) . Previous studies have shown that engineering FlAsH-binding sequences into different positions in GPCRs with FRET or bioluminescence resonance energy transfer (BRET) partners, such as YFP or Renilla luciferase, can be used to produce biosensors that report on ligand-induced conformational changes in receptors (13) (14) (15) (16) (17) (18) or downstream effectors (19 -21) . In this regard, we have engineered several GPCRbased biosensors to monitor ligand-mediated conformational changes in intact HEK 293 cells and in vascular smooth muscle cells from distinct vantage points. A set of biosensors was generated for the angiotensin II (Ang II) AT1 receptor (AT1R), a prototypical G␣ q -coupled GPCR, where we examined responses to balanced and biased ligands (22) as well as the role of cell context in determining conformational outcomes. Combining such biosensor approaches with selective knockout of G proteins or ␤-arrestin isoforms using CRISPR/Cas9 offers insights into the role of receptor/G protein or receptor/ ␤-arrestin interactions in driving receptor conformational responses to ligands.
Results
Validating AT1R-based Conformational Biosensors-We began by engineering the FlAsH binding sequence into three positions in ICL2, five positions in ICL3, and one position in the C-tail of AT1R, which had also been tagged with Renilla luciferase in the distal C-tail (Fig. 1, A and C) . The position of our insertions can also be seen in a 3D rendering based on the published structure of the AT1R (Fig. 1B) , although C-tail constructs are not visible because they were not represented in the structure published (23) . To determine whether such constructs act as viable biosensors of receptor conformation, we first tested whether they were localized to the cell surface in HEK 293 cells and whether they retained functionality when stimulated with Ang II. With no effort made to control receptor FIGURE 1. Sensor design and location. A, schematic of all FlAsHwalk-tagged AT1R sensors that also carry an N-terminal FLAG epitope for immunodetection and a modified Renilla luciferase fused to the C terminus of the receptor. The red square defines regions of the receptor containing the FlAsH binding sequence. B, 3D view of biosensor location in AT1R. Shown is a ribbon representation of the human AT1 receptor structure generated using the web-based application I-TASSER (51) based on the recently acquired crystal structure of the human AT1R bound to the antagonist ZD7155 (Protein Data Bank code 4YAY). Corresponding intracellular loops are shown in yellow, and FlAsH insertion positions are in green. The FlAsH insertion at the C-tail is not shown because the structure of this receptor domain was not resolved. Positions marked in red show sensors that were defective in either surface trafficking or signaling. Left, ICL2 sensors; right, ICL3 sensors. C, amino acid sequence of the different intracellular receptor regions targeted by the FlAsHwalk strategy (black lettering) and their corresponding sites of FlAsH binding sequence (red).
expression levels per se, we could detect similar total levels of receptor expression (supplemental Fig. 1B ) and significant surface labeling of ICL2P2, ICL2P3, ICL3P2, ICL3P3, ICL3P4,  ICL3P5 , and C-tailP1 (supplemental Fig. 1, A and C) . All of the tagged constructs showed Ang II-mediated activation of ERK1/2, although not as robustly compared with wild type or the C-tailP1 constructs (supplemental Fig. 1D ). Constructs that did not show both cell surface labeling and Ang II-mediated signaling were excluded from subsequent analysis. Thus, ICL2P1 (supplemental Fig. 1D ) and ICL3P1 (which did not express at the cell surface; data not shown) were excluded from subsequent analysis.
Capturing Biased Signaling with Conformational Biosensors-Even in the absence of receptor stimulation, there were differences in basal levels of BRET when the different biosensors were compared (supplemental Fig. 1E ). This could indicate real differences depending on the relative positions of donor and acceptor moieties or could simply reflect the differences in expression level, subcellular localization, or functionality because of the insertion. Thus, we compared agonist responses using a small panel of AT1R ligands across the different sensors. There were minimal responses to Ang II, Ang III, or any of several biased AT1R ligands at ICL2P3, ICL3P2, or ICL3P5 (supplemental Fig. 2, A-C ). There were similar responses for all ligands except SBpA at ICL3P4 (supplemental Fig. 2D ). However, significant differences could be detected between Ang II and Ang III, ligands that activate all downstream signaling pathways, compared with the ␤-arrestin-biased ligands SI, SII, and SBpA with the other biosensors. For ICL2P2, there was almost no response to Ang II or Ang III but robust responses to all of the biased ligands except DVG ( Fig. 2A) . Conversely, there were robust responses to the balanced ligands for ICL3P3 and C-tailP1 and much smaller responses to any of the biased ligands again with the exception of DVG at ICL3P3 or SBpA at C-tailP1 (Fig. 2, B and C) . As a control, no agonist responses were detected when cells expressing WT (untagged) receptors were labeled with the FlAsH reagent (supplemental Fig. 2A, inset) . The responses detected by these three biosensors could be seen in real time, were dose-dependent ( Fig. 3 (A-C) , left and right panels), and were blocked in the presence of the AT1R antagonist losartan (Fig. 3A, right, inset) . Thus, with a small number of conformational biosensors, we can capture different ligandspecific patterns of bias in a simple and robust way (summarized in Fig. 2D) .
Exploring the Role of G Proteins and ␤-Arrestin in Driving Receptor Conformations-Many studies have suggested that biased responses to AT1R ligands like SII are G protein-independent and simply require agonist-dependent recruitment of ␤-arrestin (24, 25) . We next wanted to determine how the biosensors responded to the different ligands when we modulated G protein function either pharmacologically or via CRISPRmediated gene deletion. We began with a HEK 293 cell line gene deleted for G␣ q , G␣ 11 , G␣ 12 , and G␣ 13 using CRISPR (⌬G␣ q/11/12/13 line). Data shown in Fig. 4 indicate that signaling responses to the G proteins are compromised when they are absent. We first examined ICL3P3 and C-tailP1 in the ⌬G␣ q/11/12/13 line. In the absence of the G proteins, the response to Ang II was essentially lost but could be restored when either G␣ q or G␣ 11 was returned to these cells (Fig. 5, A and B) . Although it has been shown that the AT1R can couple to G␣ 12 (reviewed in Ref. 26) , the replacement of either G␣ 12 or G␣ 13 in the CRISPR line FIGURE 2. Agonist-induced BRET changes. The sensor panel was transiently expressed in HEK 293 cells, and FlAsH-labeled and agonist-induced BRET was measured and calculated as described under "Experimental Procedures"; ICL2P2 (A), ICL3P3 (B), and C-tailP1 (C). Bars, mean Ϯ S.E. (error bars) of ⌬BRET of 3-6 replicates from three independent experiments. Statistical analysis was performed as described under "Experimental Procedures." *, p Ͻ 0.05; **, p Ͻ 0.01. D, radar plot representation to capture ligand bias using conformational profiling. Ligand responses (i.e. the agonist-induced BRET) shown above were normalized to those of Ang II, which was set to 1 for all biosensors tested.
did not rescue the conformational responses detected in ICL3 or the C-tail.
However, we could still detect a robust response to SI at ICL2P2, and returning each of the G␣ subunits individually in turn had no effect on the response, suggesting that, in fact, this conformational change in response to SI was independent of the G proteins deleted (Fig. 5C ). Next, we assessed whether ICL2P2 responses might be affected when ␤-arrestin 1/2 were removed. First, we used an HEK 293 CRISPR line gene deleted for ␤-arrestin 1 and 2 (27) (also see supplemental Fig. 3A) . Surprisingly, no effect was detected in the ICL2P2 responses to SI, suggesting that conformations driven by the biased ligand do not require either G protein or ␤-arrestin (Fig. 5D , compare first and last bars). No differences were detected when ␤-arrestin 1/2 were restored to the CRISPR cell line (Fig. 5D , middle bars; also see supplemental Fig. 3A) . A similar result was obtained using transfected ␤-arrestin siRNA ( Fig. 5E and supplemental Fig. 3B ). Thus, SI can drive the conformational change whether or not ␤-arrestin is present, and recruitment of ␤-arrestin may follow the conformation induced by the biased ligand.
We still wanted to examine whether the G protein partner constrained receptor conformation. We noted that in the absence of G proteins, Ang II could produce a response at ICL2P2 (Fig. 6A, first column) , whereas there was no response in HEK 293 cells with the native complement of G proteins ( Fig.  2A) . When we restored expression of G␣ q or, to a lesser extent, G␣ 11 in the ⌬G␣ q/11/12/13 line, we noted that the response to Ang II was dampened to the level seen in native HEK 293 cells (Fig. 6A) . These results suggest that the G␣ q or G␣ 11 protein partner constrains responses to Ang II in a manner distinct from SI. Although this does not settle the question of G protein independence of biased signaling, it does argue that the G protein alters the conformational responses to Ang II.
Previous studies have also shown that AT1R is coupled to G␣ i/o as well (reviewed in Ref. 26) . Interestingly, other differences were revealed when cells were pretreated with PTX to inhibit G␣ i/o . In native HEK 293 cells, PTX pretreatment had no effect on responses in C-tailP1 to Ang II (Table 1, top). However, both ICL2P2 and ICL3P3 had responses reduced by ϳ25% in response to SI and Ang II, respectively. This suggests that our sensors can also detect conformational changes in AT1R/G␣ i/o interactions. However, a slightly different picture emerges in the CRISPR line (Table 1, bottom). Again, there was little change in the response measured to the C-tailP1 sensor, but there was a significant loss of signal from ICL3P3, suggesting that these two sensors report conformation in a distinct manner when the receptor is coupled to either G␣ i/o or G␣ q/11 . However, the ICL2P2 response to PTX in the ⌬G␣ q/11/12/13 line was the same as in native HEK 293 cells, again highlighting the insensitivity of ICL2P2 to the presence or absence of the G proteins we examined.
To explore the role of the "activatibility" of G␣ q in altering the responses detected in ICL2P2 or ICL3P3, we used the ⌬G␣ q/11/12/13 line and transfected these cells with either wild type or a dominant negative version of G␣ q (28, 29) . The effect of G␣ q on Ang II responses in ICL2P2 could be mediated by either version of G␣ q (Fig. 6B ), suggesting that in this case, the G protein serves a structural role in constraining Ang IIinduced conformational change. However, for ICL3P3, only the functional, wild type G␣ q was able to rescue the loss of agonist-induced signal in the ⌬G␣ q/11/12/13 line, showing that, in this case, receptor conformation is altered by the G protein as it also becomes activated (Fig. 6C ). For the ICL2P2 sensor, the response to Ang II in the ␤-arrestin CRISPR line was similar to the parental cells, whether or not ␤-arrestin 2ϩ influx assays using a FLIPR Calcium 5 kit to detect intracellular Ca 2ϩ signal. Parental cells and the G␣ q/11/12/13 -knock-out line were transfected with a plasmid encoding the histamine H1 receptor and loaded with the Calcium 5 dye. The cells were treated with histamine or vehicle. C, SRF-RE reporter assays. We showed that the SRF-RE promoter assays (Promega) detect both G␣ q and G␣ 12 responses. Parental cells and the G␣ q/11/12/13 -knock-out cells transiently expressing histamine H1 receptor, AT1R, or lysophosphatidylserine GPR174 (all in combination with the SRF-RE firefly luciferase plus CMV-driven Renilla luciferase) were treated with corresponding ligands. Fluc and Rluc signals were detected by dual measurement of both luciferases. Error bars, S.E. 1/2 expression was restored (Fig. 6C, inset) . These results again highlight differences between conformations induced by Ang II versus biased ligands with respect to dependence on the G protein partner.
Conformational Biosensors Are Portable and Report Cellular Context-Finally, we wanted to assess whether the conformational biosensors were portable from one cell type to another, and also, we wanted to establish their value in a more physiologically relevant context. Thus, we engineered lentiviral versions of our biosensors and transduced rat vascular smooth muscle cells (VSMCs). As in the HEK 293 cells, basal BRET in ICL2P2 was lower than in ICL3P3 or C-tailP1 biosensors in VSMCs (Fig. 7A) . However, our observations revealed an interesting pattern of changes in basal BRET, depending on whether the biosensors were expressed in HEK 293 cells, the ⌬G␣ q/11/12/13 line, or VSMCs. Thus, we examined whether the environment in the cell could affect the conformation of AT1R and whether this could be detected by our biosensors when expression levels were controlled for. Returning the G␣ q to the CRISPR line resulted in no change in total expression levels of the different sensors (supplemental Fig. 4A ). We noted that basal BRET from ICL2P2, ICL3P3, or C-tailP1 did not depend directly on the co-expression of G␣ q per se. However, it was clear that basal BRET in ICL3P3, in C-tailP1, and, most strikingly, in ICL2P2 were different, depending on the cell line or type examined (supplemental Fig. 4 , B and C). This suggested that cellular context was a key determinant of basal BRET for the different biosensors. D) ). There were some small differences in responses measured for the four biased agonists (i.e. the loss of a response to DVG in VSMCs when measuring ICL2P2, although a similar trend was seen in HEK 293 cells), but the response to Ang II, not detected in HEK 293 cells, was not only detectable in VSMCs but in the opposite direction to the biased ligands (Fig. 7B ). This again highlights the importance of cell context in the reports detected from these conformational biosensors. The effect of cell context could be seen more clearly when we plotted the net agonist responses from ICL2P2 and ICL3P3 for both HEK 293 cells and VSMCs. In the former, the reports at ICL2P2 were higher than for ICL3P3, whereas this was inverted in VSMCs (Fig. 7E) . The difference in biosensor responses in both cell types tested was unlikely to be the result of either absolute or relative expression levels because total luminescence levels produced by both sensors were roughly similar between cells (supplemental Fig. 4D) .
Effects of Modulating G Protein Function in VSMCs-Last, given our results in the ⌬G␣ q/11/12/13 line, we wanted to examine the effects of G protein inhibition on the responses measured in VSMCs. In HEK 293 cells, the effect of the selective G␣ q/11 inhibitor FR900359 showed that a functional G␣ q was required for responses at both ICL3P3 and C-tailP1 with only a limited effect on ICL2P2, consistent with our results in the CRISPR cell line (Table 2, top). A similar effect for FR900359 was detected for ICL3P3 and C-tailP1 in VSMCs (Table 2 , bottom). However, inhibition of G␣ q also dampened the effect of Ang II on ICL2P2 in VSMCs (Table 2, bottom) .
Taken together, our results highlight the value of conformational biosensors in both capturing ligand bias in a simple and robust manner and also in capturing aspects of the receptor interactions with signaling partners and their mutual effects on receptor conformation in different cellular contexts.
Discussion
Here, we show that intramolecular conformational biosensors can capture important functional aspects of GPCRs. We also show that receptor conformation correlates to patterns established in a study of signaling outcomes for AT1R (9) . Further, conformational changes were contingent on ligand structure, effector coupling, and cellular environment. We generated multiple biosensors engineered into the AT1R that showed rapid, sustained, and significant changes in BRET following treatment with both Ang II and Ang III as well as biased AT1R agonists. Further, these responses varied according to the position of the FlAsH binding site. Moreover, the biased FIGURE 6. The presence of G␣ q/11 alters conformational responses to Ang II. ICL2P2 (A and C) or ICL3P3 (B) sensors were transiently expressed in the ⌬G␣ q/11/12/13 line, with or without restoration of different G␣ subunits, and stimulated as before with 1 M Ang II. In B and C, either wild type or a dominant negative version of G␣ q was used. Inset to C, a similar experiment conducted in the ␤-arrestin CRISPR, where ␤-arrestin expression was restored or not. Bars, mean Ϯ S.E. (error bars) of ⌬BRET of 3-6 replicates from three independent experiments. For each sensor, statistical analysis was performed as described under "Experimental Procedures." *, p Ͻ 0.05; **, p Ͻ 0.01. agonists tested promoted distinct patterns of conformational changes compared with canonical ligands, such as Ang II or Ang III, which both showed similar profiles regardless of the biosensor used. Likewise, SI and SII, two biased ligands, also showed similar patterns. However, both SBpA and DVG had unique profiles (Fig. 2D) , demonstrating the ability of a limited number of conformational biosensors to capture discrete aspects of signal bias. As mentioned above, such results are well correlated with previous studies of AT1R signaling (9) as well as a more recent study using FlAsH/BRET to study AT1R-induced conformational changes in ␤-arrestin (19) . Other approaches have also yielded high quality information about the conformational dynamics of GPCRs but rely heavily on purified receptors and low throughput. For example, solution state NMR approaches have identified multiple conformations of the ␤ 2 -adrenergic receptor (30), the A2-adenosine receptor (31) , and the leukotriene B4 receptor (32) that are regulated by ligand occupancy on a millisecond time scale. Single molecule approaches also capture a similar conformational dynamism (33) . Here, we show that different balanced (Ang II and Ang III), biased (SI, SII, DVG, and SBpA), or partial (SBpA) agonists select for distinct conformational states that also depend on cell context, including the complement of signaling partners for a given GPCR in a given cell. Our data also show that there are basal receptor conformations affected by cell context independently of G proteins that they normally couple to and that agonist-mediated responses are different, depending on the presence and type of G protein partners. Such considerations may reflect system bias as a possible explanation for different responses in different cell types. In such cases, bias depends on tissue context (34), and we have noted that with our biosensors as well. Such considerations might also be relevant when comparing where the receptor is in a given cell (35) (36) (37) (38) (39) . Our results also suggest that positioning conformational biosensors into ICL3 and the C-tail effectively reports canonical G protein-mediated signaling downstream of the AT1R. In fact, reports from the ICL3P3 sensor require the presence of G␣ q/11 , which seems to stabilize such conformational changes. Interestingly, neither G␣ 12 nor G␣ 13 was able to rescue Ang II-dependent changes at ICL3P3, highlighting the notion that different effectors must organize with receptors in distinct ways, distinct enough that our sensors could not detect the presence of G␣ 12/13 complexes. In contrast, the ICL2P2 sensor could capture the response to biased agonists, which did not depend on the direct presence of G proteins or ␤-arrestin, because they were similar in the CRISPR gene deletion lines. Curiously, our results also suggest that the ICL2P2 biosensor does become responsive to Ang II in the absence of G␣ q/11 and that the presence of the G protein constrains such effects normally. Further, our study points to distinct structural versus functional roles in AT1R signaling complexes because, in some cases, a dominant negative G protein can have the same effect as the wild type G␣ q (on ICL2P2), and sometimes only the wild type G␣ q suffices (ICL3P3). Structural studies show that the G protein partner stabilizes receptor conformation (40 -43), but our data suggest that both the nature and activatibility of the G protein may serve to further constrain such confirmations. Using tools such as RNA aptamers (44) or nanobodies (45) , it is also possible to constrain GPCR conformation in a way that toggles receptors toward particular signaling phenotypes. It will be important to profile the CRISPR deletion line more carefully with respect to signaling in future.
Taken together, our results suggest that, in stages of receptor activation that occur before recruitment of ␤-arrestin, binding of canonical and biased AT1R agonists leads to distinct alterations in the relative orientation between the ICLs and the C-tail that are unique for different analogues tested. These tools may help to stratify biased orthosteric or allosteric ligand candidates and elucidate GPCR activation mechanisms. Our results are consistent with broader approaches to capture signal bias that depend on profiling signaling events but, in this case, rely on a much smaller group of biosensors that are completely portable from cell type to cell type and require no information a priori about the signaling partners (or their stoichiometry) in a novel cell environment. Such sensors can certainly complement or precede studies of receptor signaling. In conclusion, knowledge of conformation complements signaling signatures and offers more information for enhancing our understanding of receptor conformational dynamics, which will better inform the drug discovery process.
Experimental Procedures
Materials-All tissue culture reagents, media, Hanks' balanced salt solution (HBSS) buffer, and antibiotics came from Wisent (St. Bruno, Québec, Canada). Chemicals used, including angiotensin II and III and PTX, were from Sigma-Aldrich unless otherwise stated. FlAsH-EDT 2 was custom made by Molecular Probes/Life Technologies (T34561). 1,2-Ethanedithiol (EDT) was from Aldrich, and 2,3-dimercapto-1-propanol (BAL) was from Fluka. Biased angiotensin II analogues were custom made at Ͼ98% purity (Lifetein, Hillsborough, NJ). The G␣ q/11 -specific inhibitor FR900359 (46) was purchased from the Institute of Pharmaceutical Biology (University of Bonn, Germany). DNA primers for mutagenesis were custom made by Integrated DNA Technologies (Coralville, IA). PvuII and TaqI restriction enzymes were from Takara Bio (Tokyo, Japan). Control (AllStars negative control, 1027281), ␤-arrestin 1 (SI02776921), and ␤-arrestin 2 siRNA (SI02776928) were from Qiagen (Toronto, Canada).
Antibodies used for G␣ q/11/12/13 -knock-out Cell Line Validation-Anti-G␣ q antibody (catalog no. ab128060, goat polyclonal) and anti-G␣ 13 antibody (catalog no. ab128900, rabbit monoclonal, clone EPR5436) were from Abcam; anti-G␣ 11 antibody (catalog no. sc-390382, mouse monoclonal, clone D-6), anti-G␣ 12 antibody (catalog no. sc-409, rabbit polyclonal), and anti-␣-tubulin antibody (catalog no. sc-32293, mouse monoclonal, clone DM1A) were from Santa Cruz Biotechnology, Inc.; anti-goat IgG secondary antibody conjugated with horseradish peroxidase (HRP) (catalog no. A201PS) was from American Qualex; anti-mouse IgG (catalog no. NA9310) and anti-rabbit IgG (catalog no. NA9340) secondary antibodies conjugated with HRP were from GE Healthcare. For immunoblotting analysis, the concentration and dilution of primary antibodies and secondary antibodies were 1 g ml Ϫ1 and 1:2000, respectively.
Antibodies Used for Western Blotting, ERK1/2 MAPK Assay, and Immunofluorescence-The rabbit polyclonal antibody against the C-terminal domain of ␤-arrestins (antibody 3978) was a generous gift from Dr. S. Laporte (McGill University, Montréal, Canada). The mouse anti-GAPDH (AM4300) was obtained from ThermoFisher Scientific (Waltham, MA). Rabbit anti-p44/42 antibody (catalog no. 9101) was obtained from Cell Signaling Technology (Danvers, MA). The rabbit anti-ERK 1 (sc-94) that cross-reacts with ERK2 was from Santa Cruz Biotechnology, Inc. (Dallas, TX). The rabbit anti-FLAG antibody (F7425) and the secondary anti-rabbit (A0545) and anti-mouse (A9917) antibodies conjugated to horseradish peroxidase were from Sigma-Aldrich. Finally, the Alexa Fluor 488-conjugated secondary anti-rabbit antibody (A11034) was from Life Technologies, Inc. (Eugene, OR).
Cloning and Mutagenesis-Internally EE-tagged G␣ q and G␣ 12 and untagged G␣ q Q209L/D277N mutant, G␣ 11 , and G␣ 13 were from the cDNA Resource Center (Bloomsburg University, Bloomsburg, PA). The insertion of 18 nucleotides (5Ј-tgctgccccggctgctgc-3Ј) coding for the minimal tetracysteine tag (CCPGCC) into different intracellular domain of AT1R was done by overlapping PCR (17) . The template used to generate FlAsH mutants originates from the construct pcDNA3-SP-FLAG-hAT1R (47) . All five FlAsH tag insertions into ICL3 were generated as described previously. Briefly, to generate five number 1 DNA fragments for the five different constructs, the forward common primer 5Ј-cctagctagctcgaggccaccatgaacacgatcatcg-3Ј was used in conjunction with one of the following reverse primers: 5Ј-gcagcagccggggcagcacttccaaataagagtataac-3Ј for position 1, 5Ј-gcagcagccggggcagcacttctttagggccttcca-3Ј for position 2, 5Ј-gcagcagccggggcagcaaatttcataagccttctttag-3Ј for position 3, 5Ј-gcagcagccggggcagcatttgttcttctgaatttc-3Ј for position 4, or 5Ј-gcagcagccggggcagcaatcatttcttggtttgttc-3Ј for position 5.
To generate five number 2 DNA fragments for the five different constructs, the following forward primers were used along with the common reverse primer, 5Ј-gatatcggatcctcactc-3Ј, 5Ј-tgctgccccggctgctgcgccctaaagaaggcttatg-3Ј for position 1, 5Ј-tgctgccccggctgctgcgcttatgaaattcagaag-3Ј for position 2, 5Ј-tgctgccccggctgctgccagaagaacaaaccaagaaatg-3Ј for position 3, 5Ј-tgctgccccggctgctgccagaagaacaaaccaagaaatg-3Ј for position 4, or 5Ј-tgctgccccggctgctgcgatatttttaagataattatgg-3Ј for position 5.
Second round reactions using combined fragments 1 and 2 as templates were done using the main common forward and reverse primers detailed above (NheI is underlined, XhoI, is in italic type, BamHI is in underlined italic type, and ATG or the stop codon is in boldface type). The full receptor fragments obtained were digested with NheI and BamHI and inserted into pIRES puro3 (Clontech). Intramolecular FlAsH sensors (i.e. sensors containing both FlAsH tag and RlucII) were generated by first eliminating the stop codon by PCR using the common forward primer along with a reverse primer abolishing the stop codon 5Ј-ccgcggatccctcaacctcaaaacatggtg-3Ј and cloning in pIRES-hyg3-cMyc-FP-RLuc (47) after extracting Myc-FP insert using BamHI and partially digested with NheI (there is one NheI site in Rluc). Finally, Rluc was replaced by RlucII (to increase sensitivity) by first amplifying RlucII by PCR to introduce the restriction sites AfeI and BstXI and then exchanging Rluc for RlucII using same restriction sites. The FlAsH tag insertion in ICL2 and in the C-tail was done the same way as described previously, and PCR products were cloned directly into pIRES-hyg3-RlucII vector using same common forward and reverse primers and these specific oligonucleotides (forward followed by reverse): 5Ј-tgctgccccggctgctgcattgttcacccaatgaag-3Ј and 5Ј-gcagcagccggggcagcaagccaggtatcgatcaatg-3Ј for ICL2 position 1; 5Ј-tgctgccccggctgctgctcccgccttcgacgcacaatg-3Ј and 5Ј-gcagcagccggggcagcacttcattgggtgaacaatag-3Ј for ICL2 position 2; 5Ј-tgctgccccggctgctgcatgcttgtagccaaagtc-3Ј and 5Ј-gcagcagccggggcagcatgtgcgtcgaaggcgggac-3Ј for ICL2 position 3; and 5Ј-tgctgccccggctgctgcatgagcacgctttcctac-3Ј and 5Ј-gcagcagccggggcagcattttgttgaaaggtttgag-3Ј for C-tail position 1.
ICL2P2, ICL3P3, and C-tailP1 intramolecular sensors were subcloned into the lentivirus vector pLVXi2H (48) using XhoI and BstXI. All constructs were verified by bidirectional DNA sequencing.
Cell Culture-HEK 293 cells (WT and CRISPR knock-out) were grown in 75-cm 2 plastic flasks containing culture medium (DMEM high glucose supplemented with 5% (v/v) FBS). Cells were incubated at 37°C in a tissue culture incubator providing a 5% CO 2 atmosphere. Periodically, mycoplasma testing was performed on all cell lines using the MycoAlert TM kit (Lonza, Rockland, MD).
Generation of CRISPR Gene Deletion Lines-G␣ q/11/12/13 gene-deleted HEK 293 cells were generated by simultaneously targeting the GNA12 and the GNA13 genes of previously established G␣ q/11 -KO HEK 293 cells (46) , using a CRISPR/Cas9 system as described previously (49) with minor modifications. The sgRNA-encoding sequence targeting the GNA12 gene (5Ј-gttgatgcacgagataagct-3Ј) was inserted into the BbsI site of the pX330-U6-Chimeric_BB-CBh-hSpCas9 vector (a gift from Dr. Feng Zhang, Broad Institute; Addgene plasmid 42230) using two synthesized oligonucleotides (5Ј-caccgttgatgcacgagataagct-3Ј and 5Ј-aaacagcttatctcgtgcatcaac-3Ј; FASMAC, Atsugi, Japan). Similarly, sgRNA sequence that targets the GNA13 gene (5Ј-ccagttgaaattctcgacgc-3Ј) was inserted using a pair of oligonucleotides (5Ј-caccgccagttgaaattctcgacgc-3Ј and 5Ј-aaacgcgtcgagaatttcaactggc-3Ј; a guanine nucleotide was introduced at the Ϫ21 position of the sgRNA (underlined), which enhances transcription of the sgRNA). Correctly inserted sgRNA-encoding sequences were verified by sequencing using the Sanger method (FASMAC).
The G␣ q/11 KO HEK 293 cells were seeded into 12-well plates and incubated for 24 h before transfection. A mixture of the GNA12-targeting vector (0.25 g), the GNA13-targeting vector (0.25 g), and a GFP-encoding plasmid vector (pGreenLantern-1; Gibco; 0.1 g) was transfected into the G␣ q/11 KO cells using Lipofectamine 2000 (Invitrogen). 24 h later, cells were harvested, and GFP-positive cells were isolated using a cell sorter (SH800, Sony). GFP-positive cells were diluted with DMEM supplemented with FBS and penicillin/streptomycin and subjected to a limiting dilution method to select clones. The cells were seeded in 96-well plates and incubated for approximately 2 weeks with the routine addition of fresh medium. After growing clonal cells, clones were analyzed for mutations in the targeted sites using PCR and restriction enzyme digestion, using the following primers and restriction enzymes: 5Ј-agcttctctagcgtggtttagtc-3Ј and 5Ј-actatcaggtgcccagcaag-3Ј with HindIII (for the GNA12 gene) and 5Ј-gcccaaggaatggtggaaac-3Ј and 5Ј-aggacacattaggtctgtgcc-3Ј with TaqI (for the GNA13 gene). PCR was performed with an initial denaturation cycle of 95°C for 2 min, followed by 35 cycles of 95°C for 15 s, 64°C for 30 s, and 72°C for 30 s. The resulting PCR product (5 l) was digested with a corresponding restriction enzyme (0.5 l) in a reaction buffer (10 l) and incubated at 37°C for 1 h. The digests were loaded in an agarose gel containing ethidium bromide and subjected to electrophoresis. The DNA fragments of the resulting agarose gel were visualized on a UV lamp. Candidate clones that harbored restriction enzymeresistant PCR fragments were analyzed for genomic DNA sequencing by TA cloning. The lack of functional G␣ 12/13 was also confirmed by Western blotting and functional analyses, including an SRF-RE reporter assay (Promega). After functional characterization, stable ⌬G␣ q/11/12/13 lines were established. Using a similar approach, an HEK 293 cell line that lacks both arrestin 2 and 3 (␤-arrestin 1 and 2) was generated and validated; the knock-out of the two genes did not affect expression of either G␣ q/11 or G␣ i1/2 and did not impede ATP-induced Ca 2ϩ responses (27) . Lentivirus Production and VSMC Transduction-10 million HEK 293T cells in suspension in complete medium were transfected with a mixture of 10 g of sensor cloned in pLVXi2H, 9 g of psPAX2, and 1 g pMD2.G (both from Addgene, Cambridge, MA) and Lipofectamine 2000 (Invitrogen) according to the manufacturers' recommendations; plated into 75-cm 2 plastic flasks; and left to grow for 24 h. The next day, medium was changed, and cells were left for another 24 h. 48 h post-transfection, the cell medium containing virus was harvested, passed through a 0.45-m sterile filter, and frozen in aliquots at Ϫ80°C. Rat vascular smooth muscle cells (VSMCs, a generous gift of Dr.
Marc Servant, Faculty of Pharmacy, Université de Montréal, Canada) grown in DMEM (high glucose) supplemented with 10% FBS until ϳ80% confluence were trypsinized, and 10,000 cells/well were plated into a polyornithine-coated white 96-well plate (see below for details) in the same medium and left to grow for 24 h. The culture medium was then aspirated, and 100 l of the viral preparation supplemented with 10 g/ml Polybrene was added and left for 24 h for the transduction to occur. The transduced VSMCs were washed three times with the culture medium and left for another 24 h. At that stage, cells were ready to be FlAsH-labeled and BRET-monitored as described below.
Cell Transfection-When cell confluence reached ϳ80-100%, cells were trypsinized and seeded to 6-well plates for transfection and left overnight in the tissue culture incubator. On the next day, medium from the plate was replaced by 2 ml of transfection medium (DMEM high glucose supplemented with 2.5% (v/v) FBS). Cells were then transfected using Lipofectamine 2000 following the manufacturer's recommendations. 24 h post-transfection, transfected cells were detached using trypsin, and 30,000 -50,000 cells were transferred to wells of a white 96-well plate (Costar catalog no. 3917, Corning) coated with poly-L-ornithine hydrobromide (Sigma-Aldrich). The 96-well plate was placed in the tissue culture incubator for another 24 h and then subjected to FlAsH labeling.
siRNA Knockdown of ␤-Arrestin 1/2-HEK293 cells were cotransfected with either the control or an equal amount of ␤-arrestin 1 and 2 siRNAs to a final concentration of 50 nM along with the FlAsH sensor using Lipofectamine 2000 as described above. 48 h post-transfection, cells were replated and left to grow for another 24 h in both a white 96-well plate for FlAsH labeling and the BRET assay and into 12-well plates for Western blotting analysis to monitor knockdown efficiency.
FlAsH Labeling-FlAsH labeling was performed as described elsewhere (17) . Briefly, 3.73 l of a 25 mM EDT solution in DMSO was mixed with 1.87 l of FlAsH-EDT 2 stock reagent and left to rest for 10 min at room temperature. Then 100 l of HBSS was added to the mix and left for 5 min, and volume was completed to 5 ml with HBSS; this constituted the labeling solution. Transfected HEK 293 cells and virally transduced VSMCs from the 96-well plate were first washed once with HBSS, and then 50 l of labeling solution was added per well. The plate was incubated for 1 h at 37°C. At the end of the incubation period, the labeling solution was removed, and cells were washed twice with 100 M BAL in HBSS as follows. For the first wash, cells were left in BAL washing buffer for 10 min at 37°C, followed by a second rapid washing step. Then cells were washed with Krebs/HEPES buffer (146 mM NaCl, 4.2 mM KCl, 0.5 mM MgCl 2 , 1 mM CaCl 2 , 5.9 mM glucose, and 10 mM HEPES buffer, pH 7.4). Finally, 80 l of Krebs/HEPES buffer was added per well, and the plate was left to rest at room temperature for at least 2 h before BRET assessment.
BRET-At the end of the settling time in plates, 10 l of a 20 M coelenterazine-h (NanoLight Technologies, Pinetop, AZ) solution in Krebs/HEPES buffer was added to each well and left to rest for 5 min at room temperature. BRET was measured using plate readers equipped with in-line injectors (Synergy 2 from Bio Tek or Victor-X-light from PerkinElmer Life Sciences) that can measure light emission at both 485-and 528-nm wavelengths for 200 ms/filter alternatively and repeatedly for 30 s at room temperature. To investigate the effect of AT1R analogues on BRET signals, 10 l of a 10ϫ concentrated solution in Krebs/HEPES buffer was added directly to wells using the injector, and BRET reading was continued for another 60 s. BRET was calculated as the emission at 528 nm/emission at 485 nm. For calculating agonist-induced BRET changes, ⌬BRET ϭ BRET after agonist treatment (averaged data of the last 30 s of measurement) Ϫ BRET before treatment (averaged data of all 30 s of measurement). For net BRET calculation, net BRET ϭ BRET (from transfected and labeled cells) Ϫ BRET (from transfected but unlabeled cells). Data were plotted and analyzed using GraphPad Prism version 6 (GraphPad Software, La Jolla, CA). ERK1/2 MAPK Assay-24 h post-transfection, HEK 293 cells were replated in 12-well plates in complete medium and left to grow for another 24 h. Cells were serum-starved for 2-3 h and then stimulated with 1 M Ang II for 5 min at 37°C. At the end of the incubation time, wells were rinsed once with ice-cold PBS, and cells were lysed directly in Laemmli buffer (2% SDS, 10% glycerol, 60 mM Tris, pH 6.8, 0.02% bromphenol blue, 5% ␤-mercaptoethanol). Samples were sonicated for 10 s, heated to 65°C for 15 min, and analyzed by Western blotting following SDS-PAGE. An anti-p44/42 antibody was used to detect phospho-ERK (1:1000 dilution). A secondary anti-rabbit antibody conjugated to horseradish peroxidase was used to visualize the bands on film by chemiluminescence (1:40,000 dilution). Membranes were stripped and probed with an anti-ERK1/2 antibody to control for loading. Films were scanned, and images were processed using ImageJ to obtain band intensity. Data for receptor biosensor constructs were normalized by dividing the intensity of phospho-ERK1/2 by ERK1/2 and expressed as relative values to the untagged receptor.
Immunodetection of ␤-Arrestin-Detection of ␤-arrestin was done essentially as described above using an anti-␤-arrestin rabbit polyclonal antibody (1:5000 dilution), and the same secondary antibody was used as above at 1:40,000 dilution. Membrane was then stripped and reprobed with a mouse anti-GAPDH antibody (1:30,000 dilution, primary; 1:40,000 dilution, secondary) to control for loading.
Immunodetection of G Protein-The parental HEK 293 cells and the ⌬G␣ q/11/12/13 line-in growth phase were harvested, and ϳ1 ϫ 10 6 cells were lysed in 500 l of SDS-PAGE sample buffer (62.5 mM Tris-HCl (pH 6.8), 50 mM dithiothreitol, 2% SDS, 10% glycerol, and 4 M urea) containing 1 mM EDTA and 1 mM phenylmethylsulfonyl fluoride. Cell lysates were homogenized with a hand-held ultrasonic homogenizer (Microtech) and heated to 95°C for 5 min. Protein extracts were loaded and separated on SDS-containing 12.5% acrylamide gel. After electrophoresis, the gel was blotted to a nitrocellulose membrane. The blotted membrane was blocked with 5% skim milk-containing blotting buffer (10 mM Tris-HCl (pH 7.4), 190 mM NaCl, and 0.05% Tween 20), immunoblotting with primary and secondary antibodies as indicated under "Materials." Chemiluminescent reagent (ImmunoStar Zeta, Wako Pure Chemical Industries, Tokyo, Japan) was added on the membrane, and the chemilu-minescence signals were detected using LAS-4000 (FujiFilm) and visualized with Multi Gauge version 3.0 (FujiFilm).
Dual-Luciferase Assay to Measure SRF-RE Promoter ActivityDual-Luciferase assays measuring SRF-RE promoter activity (Promega) were performed according to the manufacturer's instructions with minor modifications. Briefly, parental HEK 293 cells and the ⌬G␣ q/11/12/13 line were harvested, suspended in Opti-MEM (ThermoFisher Scientific) at 2.5 ϫ 10 5 cells/ml, and seeded in a 96-well white plate (80 l/well; CELLSTAR Advanced TC TM , clear; Greiner Bio-One). After brief incubation, cells were transfected with a mixture of plasmids (for each well, 50 ng of pGL4.34 encoding SRF-RE-driven reporter luciferase (luc2P), 2 ng of pGL4.75 encoding CMV-driven internal control Renilla luciferase, and 8 ng of GPCR-encoding plasmid) using a Lipofectamine 2000 transfection reagent (0.1 l). The pGL4.34 and the pRL-CMV were from Promega, and GPCR-encoding plasmids (human-derived H1 histamine receptors, AT1R and GPR174, which coupled with G␣ q , G␣ q / G 12 , and G 12 , respectively) were described previously (50) . After a 1-day incubation, the transfected cells were stimulated with 5ϫ GPCR ligands (100 nM histamine dihydrochloride, 100 nM Ang II, and 1 M 1-oleoyl lysophosphatidylserine for H1 histamine receptors, AT1R, and GPR174, respectively) diluted with Opti-MEM for 6 h at 37°C in a CO 2 incubator. The conditioned medium was removed, and the cells were rinsed with Dulbecco's PBS. The cells were lysed with a passive lysis buffer (20 l/well) for a 15-min incubation. The clear bottom of the 96-well plate was sealed with an adhesive seal (PerkinElmer Life Sciences). The lysate was mixed with Luciferase Assay Reagent II (20 l/well; Promega), and firefly luciferase activity derived from the SRF-RE reporter was measured by a microplate reader (FlexStation 3, Molecular Devices) with an integration time of 1 s/well. The lysate was further mixed with Stop and Glo reagent (20 l per well; Promega), and Renilla luciferase activity derived from the internal control reporter was measured with an integration time of 1 s/well. Firefly luciferase signals were normalized to Renilla luciferase signal, and vehicle-treated units were set at 1 (50) .
Measurement of Intracellular Ca 2ϩ Mobilization-Parental cells and the ⌬G␣ q/11/12/13 line were seeded in a 10-cm dish at a concentration of 2 ϫ 10 5 cells/ml (10 ml/dish) and cultured for 1 day. The cells were transfected with human histamine H1 receptor-encoding expression plasmid (50) (2.5 g) using Lipofectamine 2000 transfection reagent (12.5 l; ThermoFisher Scientific). After 1 day of incubation, the cells were detached with 0.05% (w/v) trypsin containing 0.52 mM EDTA and mixed with DMEM supplemented with 10% FBS. After centrifugation and rinse with Dulbecco's PBS, cells were suspended in HBSS containing 5 mM HEPES (pH 7.4) at a concentration of 6 ϫ 10 5 cells/ml and seeded in a 96-well half-area black plate (80 l/well; CELLSTAR Advanced TC TM half-area, clear; Greiner Bio-One). Cells were loaded with a FLIPR Calcium 5 Ca 2ϩ indicator (20 l/well; Molecular Devices) supplemented with probenecid (Wako Pure Chemicals) and bovine serum albumin (BSA; SERVA Electrophoreses, Heidelberg, Germany) at final concentrations of 2.5 mM and 0.01% (w/v), respectively. After a 1-h incubation at 37°C, the cell plate and a compound source plate containing 5ϫ histamine dihydrochloride (a final concentration of 10 M) diluted in vehicle (HBSS with 5 mM HEPES (pH 7.4), 2.5 mM probenecid, and 0.01% BSA) were positioned in a liquid-handling fluorescence microplate reader (FlexStation 3, Molecular Devices). After initial measurement, fluorescence signals were taken every 1.5 s with a Flex mode using automated pipetting (25 l of compound/well). Data were expressed as relative fluorescence normalized to initial signal.
Immunofluorescence-24 h post-transfection, HEK 293 cells were replated, as described previously, into a black 96-well plate with a clear bottom (catalog no. 165305, Nunc) that was previously treated with polyornithine in complete medium and left to grow for another 24 h. The medium was aspirated, and cells were fixed in a solution of 2% (w/v) paraformaldehyde in PBS (137 mM NaCl, 2.7 mM KCl, 10.14 mM Na 2 HPO 4 , and 1.76 mM KH 2 PO 4 at pH 7.4) for 10 min at room temperature, followed by two PBS washes. To decrease nonspecific antibody binding, a solution of 1% (w/v) BSA in PBS (blocking solution) was added to the well and left for 1 h at room temperature. FLAG-tagged WT AT1R and the FlAsH carrying receptor sensors were immunodetected using an anti-FLAG primary antibody (at 1:200 in blocking solution) followed, after two PBS washes, by an Alexa Fluor 488-conjugated secondary antibody (at 1:500). The immunostaining procedure was completed by a nucleusstaining step using a 1 g/ml solution of Hoechst 33342 in blocking solution followed by three PBS washes. Stained cells were left in the same buffer until imaging. Images were captured using an Operetta High Content Imaging system with a 20ϫ WD objective (PerkinElmer Life Sciences) equipped with a compatible filter set for Alexa Fluor 488 detection (475/15-nm excitation filter and 525/25-nm emission filter) and for Hoechst (380/20-nm excitation filter and 445/35-nm emission filter).
Receptor Quantification by Immunofluorescence-24 h post-transfection, HEK 293 cells were replated as described previously into a black 96-well plate (Costar catalog no. 3916, Corning) precoated with polyornithine in complete medium in 5 wells/condition (1 well for background and 4 wells to measure fluorophore-originated fluorescence). The medium was aspirated, and cells were fixed in a solution of 2% (w/v) paraformaldehyde in PBS for 10 min at room temperature, followed by three Krebs/HEPES buffer washes. To quantify total receptor level (i.e. surface and intracellular), fixed cells were permeabilized by treating with a solution of 0.1% (v/v) Triton X-100 in Krebs/HEPES for 10 min at room temperature followed by three buffer washes. Unpermeabilized cells will allow cell surface receptor quantification. Nonspecific site blockage was done by leaving the cells for 1 h at room temperature in a 1% (w/v) BSA solution diluted in Krebs/HEPES (blocking solution). FLAG-tagged receptor was detected by first exposing cells to the same anti-FLAG antibody (at 1:200 for non-permeabilized and at 1:500 in permeabilized cells in blocking solution) as described above except that the FLAG antibody was left overnight at 4°C, followed by three Krebs/HEPES buffer washes. Finally, cells were incubated with a solution of Alexa Fluor 488-conjugated anti-rabbit antibody (at 1:500 in blocking solution) and 1 g/ml Hoechst for 1 h at room temperature, followed by three Krebs/HEPES washes, and 100 l of the same buffer was added to each well. To establish background signal level, some wells of each condition were not exposed to any antibody or fluorescent dyes. Fluorescence was recorded using a Synergy 2 plate reader (BioTek) with a 485/20-nm excitation filter and 528/20-nm emission filter for Alexa Fluor 488 and a 360/40-nm excitation filter and 460/40-nm emission filter for Hoechst. To calculate net fluorescence, we used the fluorescence signal from cells incubated with both Alexa Fluor 488 and Hoechst Ϫ background fluorescence values from cells not exposed to any fluorophore. Net fluorescence level was then normalized to cell contain by dividing the net Alexa Fluor 488 fluorescence by net Hoechst fluorescence. Finally, the calculated values of each experimental replicate were averaged. Data are presented as normalized fluorescence levels as 0% for pcDNA-onlytransfected cells and 100% for WT receptor.
Data Analysis-All data represent the means Ϯ S.E. of at least three independent experiments. Statistical analysis and curve fitting were carried out using GraphPad Prism version 6.0. Dose-response curves were fitted using the following threeparameter equation, 
